Abstract: Materials selection in product development is an important task. The wrong choice of material can increase the cost of the product and/or lead to failure in the field. Therefore, during the development of a product, a suitable material must be selected based on product requirements and materials properties. This paper proposes a methodology for materials selection based on the principles of Quality Function Deployment (QFD). It relates design requirements for each component with materials properties (Assessment Matrix) and, later, performs materials selection based on these materials properties (Selection Matrix). Two examples are provided to demonstrate and validate the effectiveness and simplicity of the method proposed. Results are in agreement with other methods found in the literature and demonstrate the easiness of use of the method.
Introduction
Materials selection is a task accomplished almost every day by companies that develop or improve their products. This activity can be carried out having multiple objectives, such as: cost reduction, meeting new service conditions, weight reduction, process, new materials and aesthetic design (FERRANTE; SANTOS; CASTRO, 2000) . It is estimated that there are more than 80,000 materials in the world including several types of metallic alloys and nonmetallic engineering materials CHAKRABORTY, 2011) . With this assortment of materials, selecting one is a challenge. The selection of the best material involves a large number of factors, such as functional requirements, cost and manufacturing process (LJUNGBERG; EDWARDS, 2003; DENG; EDWARDS, 2007) . The wrong choice of material frequently involves high costs and may lead to product failure. Therefore, designers need to identify and select the appropriate material for each product to have the lowest cost with specific performance for each application.
The first step in the process of materials selection is to specify the performance requirements of the component, relating with main characteristics of the materials and processing requirements. Consequently, some materials can be eliminated and others may be chosen as likely candidates. The relevant properties of materials are identified and classified in order of importance CHAKRABORTY, 2009) . It is recommended adoption of a formal methodology by which materials are ranked according to some criteria to materials selection when a large number of materials is involved and/or conflicting demands are present. There are many techniques can be employed for the purpose FERRANTE, 2003) .
Several methods can be found to systematize the selection of materials. Ashby and co-workers (ASBHY, 1989; ASBHY, 1992; ESAWI; ASHBY, 1996) introduced charts for selection of materials that relate two specific material properties and cluster the materials classes. There are two steps in this method. First, primary limitations are imposed by the project to a specific materials list. Second, the performance index is applied to maximize properties.
An alternative method is the Weighted Properties Method (WPM) that is used when several properties should be considered simultaneously. This numerical method sorts the materials based on their performance indices, calculated using simple math (FARAG, 1997) . As the number of alternatives increases, the amount of computation increases rapidly and the computational procedures become more elaborate. Dehgnan-Manshadi et al. (2007) proposed a modification in WPM through a combination of a nonlinear approach to sort properties by the modified digital-logical method. According to the authors, this method presents a more reasonable material selection method than WPM. In addition, Rao (2006) introduced a new methodology using a graphical approach and a matrix.
Some authors used the fuzzy logic to develop methodologies for materials selection. Liao (1996) has introduced a decision-making method using fuzzy set theory. Chen (1997) employed a fuzzy ambient, where the importance weights of different criteria and the ratings of various alternatives under different criteria were assessed in linguistic terms using fuzzy numbers. Most methods suggested in the literature work well for quantitative properties. Khabbaz et al. (2009) suggested a method based on simplified Fuzzy Logic as a tool for selecting materials with properties when qualitative measures are also considered, and furthermore, according to the authors, with this method the math involved in traditional methods is reduced.
Many authors use adaptations of the method of multi-criteria decision making (MCDM) for material selection. Chatterjee, Athawale and Chakraborty (2009) suggested resolving the problem of material selection using two approaches of MCDM. The first approach is "VIse Kriterijumska Optimizacija Krompromisno Resenje" (VIKOR), a compromise ranking method. The second approach is "ELimination and Et Choice Translating REality" (ELECTRE), an outranking method. These two methods were used to sort the materials in which some requirements were considered simultaneously. These methods were effective for the choice of materials.
Another methodology based on the method of multi-criteria decision-making (MCDM) was presented by Jahan et al. (2010) , which is a simpler adaptation based on the same method and includes the qualitative properties in material selection for a particular product. In another study Chatterjee, Athawale and Chakraborty (2011) present two other methods based on MCDM: complex proportional assessment (COPRAS) and evaluation of mixed data (EVAMIX). These two methods are used to classify a set of materials, when many requirements are considered simultaneously, and also proved efficient for problems of material selection involving a large number of qualitative and quantitative requirements with various alternatives of materials. Rao and Patel (2010) suggested a method based on MCDM considering importance weights of the attributes of the project as well as the subjective preferences of decision making to decide the importance of each design requirement, and use fuzzy logic to convert the qualitative attribute into quantitative attributes. According to the authors, this methodology is logical and simple compared to other methods based on MCDM. Akao (1990) is widely regarded as the father of quality function deployment (QFD). His work was first implemented at the Mitsubishi Heavy Industries Kobe Shipyard in 1972. The interest in QFD in the West was increased as indicated by the reports of achievements made by Toyota through its application between 1977 and 1984. These included a reduction in the product development cost by 61%, a decrease in the development cycle by one third and practical elimination of rust related warranty problems. Quality function deployment is a well known systematic process used for motivating an organization to focus on its customers DEY, 2007) . However, QFD can be considered a complimentary method for determining how and where priorities are to be assigned in the product development, where the intent is to employ objective procedures in increasing the detailed design throughout the development of the product (CHEN; YANG, 2006) . Hence the QFD presents a tool that can be used in all engineering stages and can be applied mainly at the conceptual design stage (MAYYAS et al., 2011) . A limited number of paper using QFD in materials selection are found in literature. Among these limited manuscripts, we can cited Mayyas et al. (2011) discussed the usage of multi-attribute decision making tools to assist in the material selection for vehicular structures, using the House of Quality (HoQ) and Analytical Hierarchy Process (AHP).
This work proposes a procedure for material selection based on the principles of Quality Function Deployment (QFD), a method widely known and used in the area of product development, which makes their utilization easier, reducing the time needed to learn new methods.
2. Development and structure of the proposed method
Quality Function Deployment (QFD)
The Quality Function Deployment (QFD) is "[...] a way to systematically communicate information related to the quality and orderly explain the related work to the achievement of quality [...]" (CHENG; MELO FILHO, 2007, p. 44) . For Melo Filho (2007, 2008) , the process of quality deployment can be performed in different operational units, which are listed below according to their level of complexity:
• Table: the simplest operational unit, used to understand the problem. Can be accomplished through a tree diagram; • Matrix: correlates two tables. The House of Quality is an example of a matrix, which correlates the requirements of customers with the quality requirements of a particular product, service or process; • Conceptual Model: is a mapping of how deployments should occur among tables and matrices to achieve the completion of the desired tables; and • Standard: corresponds to the unfolding information generated for communication with different areas of an organization. The House of Quality (HoQ) frequently is the first matrix constructed during a QFD analysis. Due to its connection to the customer requirements, it is often considered central to the Quality Deployment. The HoQ is the matrix that aims to translate customer requirements into technical requirements (Figure 1 ). This process is called extraction and could be performed several times during the design process, following a specific conceptual model. A Conceptual Model, according to Melo Filho (2007, 2008) , is a collection of tables and matrices which represents the way that must be followed to achieve the design goals (e.g. Figure 2 ). It can be defined as a graphic form for representing cause-effect relationships of required quality, or other effects, with cause factors that contribute to the formation of the product, according to a desired logic. Akao (1990) presented a conceptual model for Quality Deployment that includes technology, costs and reliability. Rahimi and Weidner (2002) redefined the traditional sequence of HoQ matrices to include the structuring of design objectives and alternatives based on a multi-objective decision hierarchy. The approach taken is the incorporation of a Design for Environment (DfE) 'Environmentally Responsible Product Assessment Matrix' into Quality Function Deployment's (QFD's) 'House of Quality' (HoQ) matrices. Yeh, Huang and Yu (2011) proposed a four-phase QFD plan, based on a series of matrices that integrate TRIZ inventive principles, a contradiction matrix, and eco-efficiency elements to achieve green-design solutions.
Various authors presented decision tools based on the use of QFD principles. Nagahanumaiah, Subburaj and Ravi (2008) presented a rapid tooling process selection based on process capability mapping in quality function deployment (QFD) against a set of tooling requirements that are prioritized through pair wise comparison using Analytical Hierarchal Process (AHP). Lowe, Ridgway and Atkinson (2000) presented a tool developed from the techniques of quality function deployment that allows a rapid evaluation of the feasibility of using the thixoforming process to manufacture products. Chan and Wu (2002) have listed a broad assortment of examples of works on decision-making based on QFD.
Materials Selection based on QFD
In this paper, it is proposed to perform materials selection at a more technical level than the HoQ, focusing on its latter deployments. In this conceptual model materials selection is performed for each part of the product (e.g. the "SSP Table" on Figure 2 ), or for some systems or subsystems, when it is feasible.
The proposed materials selector is based on the principles of QFD. The conceptual model, illustrated in Figure 3 , divides the procedure into two parts: (1) Assessment Matrix and (2) Selection Matrix. For evaluation purposes of the proposed method, both matrices were applied in a MS-Excel 2010 spreadsheet.
The QFD Method is tool a widely known by industry and its contribution to the product development is already consolidated. However, despite of the simple structure of the method, it involves human intervention and biasness. To reduce uncertainty and improve the reliability of the materials selection method, all data contained on this method, excepting the inputs provided by the designer, are standardized and provided by experts and handbooks. The Assessment Matrix has for its objective to translate the technical requirements of the part into commonly used materials properties, such as tensile strength, density, thermal conductivity, impact resistance, coefficient of thermal expansion and electrochemical potential.
The proposed method works with standardized technical requirements. These technical requirements have been obtained through the studies of Dornelles Filho and Atolino (2009) on the automotive industry and among projects of a manufacturer of white goods. The technical requirements proposed are illustrated in Figure 4 .
The technical requirements should be considered, using for this purpose a scale from 0 to 5, here called the Requirements Weight, where:
• 5 -the condition of the part is very important to the project;
• 4 -the requirement of the part is important for the project; • 3 -the requirement of the part is mildly important for the project; • 2 -the requirement of the part has low importance for the project; • 1 -the requirement of the part has very low importance to the project; and • 0 -the requirement doesn't matter to the part. Apart from the requirements weights, the improvement drivers must also be attributed to the part under analysis, if the technical requirements of parts should be maximized ("must resist risks" = higher is better = +1) or minimized ("must resist risks" = lower is better = -1). Requirement Weights and the Improvement Drivers are the only two elements that can be modified by the designers, and all other information of the Selection Matrix is standardized.
A table of materials properties is also provided, focusing on attributes needed to perform the technical requirements gathered for the major appliances industry. The correlation matrix for the Selection Matrix presents the relationship between Technical Requirements and the Materials Properties. Each relationship is weighted by a four-level scale: strong (9 points), moderate (3 points), weak (1 point) and null (no points).
A survey was performed among researchers and experts from materials science and engineering areas to fill in the correlation matrix. The gathered data was evaluated and the most common values were included on the final correlation matrix. Thus, the Selection Matrix might be considered a knowledge base and used as presented, but also could be customized for a particular case. Figure 5 presents the proposed Selection Matrix.
Since the information present in the correlation matrix is unvarying, there is only a need to fill in the weights and the improvement drivers for the technical requirements. That done, the relative importance of each material property is automatically calculated using a simple calculation, performed using the weighted sum of the weights and drivers, multiplied by the correlation between the technical requirements and properties of materials. Equation 1 illustrates this process, where n represents the last Technical Requirement available on the Assessment Matrix. Positive values indicate that the material property must be maximized, and negative properties minimized. 
When in possession of the relative importance of properties, the use of the Selection Matrix shall be initiated, which correlates the materials properties with the materials list. It is important to notice that the values of relative importance for each material property are retrieved from the Assessment Matrix.
This matrix also allows the primary choice, in other words, the prior definition of the materials class, to be used (e.g., polymers, metals, and ceramics). This feature was implemented by filters, which can also limit the range of values of certain properties (e.g., tensile strength must not exceed 50 MPa).
To allow comparison between different properties, a linear normalization procedure for each material property of the Selection Matrix was adopted, resulting in Equations 2 and 3:
If Property Relative Importance is ≥0, then:
Property value Smallest value Normalized Value
Highest value Smallest value
If Property Relative Importance is < 0, then: 
The normalized properties will range between 0 and 1. The material score is calculated using the sum of each normalized value for the materials properties, plus 
Verification of the proposed method for material selection
To demonstrate and validate the selection method of materials proposed, one examples from the literature will be used, and the results compared with those from other methods.
This example deals with the selection of the most appropriate material for a cryogenic storage tank for transportation of liquid nitrogen based on DehgnanManshadi et al. (2007) . These authors proposed a numerical method for materials selection combining a non-linear normalization method with a modified digital logic and a storage tank used to transport liquid nitrogen as an example. In this study, the same materials and attributes considered by those authors are considered. The performance requirements of the storage tank should be lower density and specific heat, smaller thermal expansion coefficient and thermal conductivity, and adequate toughness at the operating temperature. Also, the material should be sufficiently strong and stiff. Dehgnan-Manshadi et al. (2007) consider six properties: toughness, yield stress, Young's modulus, density, thermal expansion coefficient and thermal conductivity. The candidate materials properties are presented in Table 1 .
The first step of the method proposed in the paper is the definition of the weights of the design requirements for completion of the Assessment Matrix. The requirements for material storage tanks to transport liquid nitrogen mentioned by the authors are: toughness and density are the most important properties, and the least important are thermal conductivity and specific heat. Table 2 presents the list of materials requirements mentioned by the authors and the functional requirements of products to be used in this study. The next step is to determine the weights of these requirements and their correlation. The weights were determined based on the importance of material requirements made by Dehgnan-Manshadi (2007) , which are also presented in Table 2 .
Once the weights of the product's functional requirements are completed in the Assessment Matrix, the materials are classified automatically in the Selection Matrix. Both matrices used in this example are presented in Figures 6 and 7, respectively. As can be seen in Figure 7 , the best material for application in cryogenic tanks is SS301-FH, followed by 3AH-SS310, Inconel 718 and Ti-6AI-4V; this result is similar to the one found by Dehgnan-Manshadi (2007) . Figure 8 and Table 3 presents the results of the classification of materials for the proposed method and other methods in the literature. It is observed that all methods considered SS301-FH as the best material and the worst choices are the aluminum alloys (Al2024-T6, Al5052-O) and the copper alloy (70Cu-30Zn). It can also be noticed that there are small differences in orders between the methods. -3AH  2  4  4  4  3  3  4  Inconel 718  3  3  3  3  4  4  3  Ti-6Al-4v  4  2  2  2  2  2  6  Al2024-T6  5  5  5  6  6  6  5  70Cu-30Zn  6  6  7  5  5  5  2  Al5052-O  7  7  6  7  7  7  7 1 Farag (1997) . 2 Chatterjee, Athawale and Chakraborty (2011).
Figure 8. Classification of cryogenic tank materials for different methods
Considering these results it is important to notice that for this example, the method based on QFD, despite all its simplicity and ease of implementation, has proved to be able to classify the candidate materials under similar conditions compared to the existing literature, which are much more complex.
Conclusion
The complexity of current materials selection methods is a barrier for implementing these processes in a broad number of enterprises, which prefers to rely on the expertise of their engineers. On the other hand, this decision could reduce possibilities of materials innovation in some cases. The use of QFD tools is seen as a way to turn the use of design tool simple and more attractive, since is broadly known and used by industry.
However, QFD tools are usually involves human intervention and biasness. To reduce this uncertainty and improve the reliability of the proposed materials selection method, human interaction was reduced to a minimum through the inclusion of information provided by materials engineering experts. The only information provided by the designer are the part technical requirements, which also were standardized, and its improvement drivers.
The examples' results demonstrated the simplicity and reliability of the proposed method. The proposed procedure has presented results consistent with the literature, demonstrating that the use of expert knowledge in the area is a viable path to material selection.
